Abstract Sensors incorporating molecularly imprinted polymers (MIPs) are feasible in concept though the reproducibility of such devices can be compromised by the large number of interdependent steps. For this reason, many researchers have focused on the synthesis of MIP particles only, not on their immobilization. Herein is presented a sol-gel based method for immobilization of unmodified MIP particles for use in an electrochemical sensor. The macroporous particles were prepared using precipitation-polymerization and imprinted with theophylline. The sol-gel was combined with graphite microparticles (50 μm) and the composite was deposited on the surfaced of an epoxy-graphite electrode. The sensor was then tested for its response to theophylline using differential pulse voltammetry. A limit of detection of 1 μM was observed and a relative standard deviation of 6.85 %. The electrode can be regenerated via a thermal washing process which was accompanied by an initial signal loss of 29.3 %. Any further regeneration caused a signal loss of 2.4 % only.
Introduction
The necessity for novel qualitative sensor systems with the capacity to detect targeted molecular compounds is ever-present. For several decades, sensors based on biological recognition, such as those utilizing enzymes, antibodies, microorganisms or aptamers, have received a majority of interest within this field thanks to their superior recognition properties [1] . Biomolecules do, however, suffer from a generally poor chemical and physical stability as well as being costly to synthesize or refine and thus in more recent years, artificial receptors have been garnered with an increasing degree of attention [2] .
Molecular imprinting embodies the creation of a tailored binding site for a selected template molecule. The binding sites that are created can be highly specific and have the ability to discriminate between structurally similar compounds as well as chiral molecules [3] . This field is most commonly manifested in the paradigm of Molecularly Imprinted Polymers (MIPs) which has exhibited exponential growth with respect to annual publications over the course of the last two decades [4] . Though there are two main imprinting strategies, covalent and non-covalent, the non-covalent approach is afforded greater attention due to the speed and ease of synthesis, facile post-binding regeneration and the greater level of functionality at the binding site [5] . The synthesis of such MIPs, generally consists of a preassembly step whereby the template molecule is mixed with a functional monomer to form complexes with the template at its local dipoles. The spatial orientation of these binding sites is then secured via the crosslinking of the functional monomer with a secondary copolymer, which fixes at proper distance and geometry the binding sites; at this point, the template can be extracted from the newly-formed cavities [6] and usages of the MIP can developed; a schematic of this process, using theophylline as a template, can be seen in Fig. 1 . The popularity of MIPs comes from their low cost, ease of preparation and high stability [7] ; these attributes have garnered them with the title 'plastic antibodies' [8] .
Given their advantages, molecular imprinting appears equally enticing to laboratories regardless of the level of inhouse synthetic expertise. There are, however, some drawbacks and discouragements while attempting to imprint polymers. Of the two most common structural forms of MIPs, particles and deposited films, both are accompanied by disadvantages which hinder the exploitation of molecular imprinting as an analytical technique. While particles are easier to synthesize compared to films [9] , the number of immobilization methods for MIP particles available in the literature is limited. This low level of available protocols can be noticed as those referenced in a 2010 review of the state-of-the-art of molecular imprinting in electrochemistry [10] . Of 61 papers reporting the immobilization of MIPs onto sensors only five of these, less than 10 %, employed unmodified MIP particles as the sensing mechanism Four additional citations reported the use of packed columns or flow systems though such strategies suffer from drawbacks of slow rebinding of the target within the cavities of the MIP, leading to long extraction times [11] .
Theophylline, the molecule chosen as molecular template for this work, is a methylxanthine alkaloid of the purine family and is present in cocoa beans, teas and a range of other beverages and plant materials along with its structural analogues caffeine and theobromine. For over 70 years it has been used to treat maladies of the airway such as asthma and chronic obstructive pulmonary disease (COPD). Its low cost and high availability have both contributed to make it one of the most widely prescribed drugs for such pathologies [12] . Its simple structure and close similarity to its analogues ( Fig. 1 ) make it an attractive molecule to study in the field of molecular imprinting. Its low cost and toxicity also increases the attraction of using it in prototype studies [13, 14] .
Conventional methods for the detection of methylxanthines are based on gas and liquid chromatography, the advantages of which are clouded by the requirement of bulky, expensive equipment, complicated sample pretreatments and trained operators to run the analysis [15, 16] . Electrochemical methods on the other hand, embodied by voltammetric, potentiometric, amperometric and piezoelectric devices, were until relatively recently not commonly used for their detection [17] . This is due to their extremely high oxidation potentials, observed with common electrochemical systems incorporating metallic and/or carbon-based electrodes, which make the final signal poorer, with background noise created from oxidative currents and limited reproducibility [13, 18] .
Synthesis techniques of particulate MIPs consist of bulk, suspension, emulsion, two-step swelling and/or precipitation polymerizations [19] . The disadvantage of bulk imprinting, the most commonly used technique, lies in the high volume of material and template that is required by the synthesis. The monolith particles obtained can also have a low capacity due to binding-site heterogeneity and poor site accessibility stemming from the grinding process needed to break the polymer brick [20] , thus there is a need to investigate alternative synthesis strategies.
Though MIPs have already been successfully applied to the majority of the contemporary transduction mechanisms [21] , there is instead a deficit in the availability of facile immobilization methods for particulate MIPs onto the surface of available transducers for rapid sensing of the targeted molecule; such methods would allow for the rapid substitution of the molecule targeted by the sensor via a change in the imprinted template rather than the laborious redesign of the sensor, thus greatly increasing the versatility of the systems.
The key difficulty in the search for an effective immobilization method for particulate MIPs lies in the compromise between extraction or measurement time and reproducibility. When using monolithic MIP particles, a large quantity must be used in order to negate the potential heterogeneity of the measurement due to the aforementioned accessibility issues. When such particles are immobilized in lower quantities, in a membrane for example, the decreased availability of the binding sites lead to undesirably high variability between measurements [14] . Incorporation of the monoliths inside the electrode increases the robustness of the sensor and allows the use of more aggressive strategies to be used for signal amplification [13] though this method does not allow for the removal of the template upon re-binding and thus effective regeneration of the sensor is not possible.
Though the use of an agarose membrane for the immobilization of MIP particles onto a sensor surface is well documented [20, 22] , it was rejected due to the slow response time with respect to membrane thickness, an increase of which is required with respect to increased oxidation potential of analyte. Also, the complete coverage of the MIP particles by a membrane would also negate the possibility of electrode regeneration.
Sol-gel immobilized MIPs have been reported in which high voltage potentials (1.4-2.0 V) are incorporated into the sensing [23] . Further work by the same laboratory immobilizes hyper-branched MIP particles inside an identical sol-gel membrane [24] . While the non-conventional imprinting strategy employed, known as the Takagishi method is effective [25] , the elevated temperatures used during the polymerization process renders it unsuitable for imprinting many organic molecules. It should also be noted that it is also possible to imprint directly into a sol-gel matrix, using its polymeric structure to replace one or both of the functional and crosslinking monomers [26] though this strategy was also rejected in favour of maintaining the segregation between the imprinting and immobilization events.
In this work, a theophylline-imprinted polymer-incorporating voltammetric sensor is presented. Microspherical macroporous MIP particles were immobilized using the solgel technique together with graphite as the conducting medium on the surface of a carbon electrode. The theophyllineimprinted polymer was synthesized using standard protocols of precipitation polymerisation and their morphology and size distribution was confirmed via Scanning Electron Microscopy (SEM). Prepared sol-gel membranes were also characterised using confocal microscopy. Primary response and electrode regeneration was investigated using adsorptive stripping voltammetry (ASV) employing the differential pulse technique. Cro ss resp onse t o o th er methy lx anthines: 1,7-dimethylxanthine, caffeine and theobromine was fully characterised. The limit of detection of the electrode was also demonstrated using chronoamperometry.
Experimental
Reagents and chemicals 50 μm particle size graphite powder (Merck, Darmstadt, Germany; http://www.merck.com/) was used in the preparation of the sol-gel membranes and of the epoxygraphite electrodes. Epotek H77 resin and its corresponding hardener (Epoxy Technology, Billerica, MA, USA; http:// www.epotek.com/) were also used in the electrode fabrication. All reagents were analytical reagent grade. All solvents were purchased from Scharlab, (Scharlab, Barcelona, Spain; http://www.scharlab.com/). 1,7-dimethylxanthine, theophylline, theobromine, caffeine, methacrylic acid (MAA), ethylene glycol dimethyl acrylate (EGDMA) and tetraethyl orthosilane (TEOS) were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO; https:// www.sigmaaldrich.com/). The radical initiator 2,2'-Azobis (2,4-dimethylvaleronitrile) (AIVN) was purchased from Wako Chemicals GmbH (Wako Chemicals GmbH, Neuss, Germany; http://www.wako-chemicals.de/). All other acids and potassium hydrogen phthalate were purchased from Panreac (Panreac, Barcelona, Spain; http://www.panreac.es/).
Apparatus
All polymerisations were done in a water bath controlled with a H u b e r C C 1 t h e r m o r e g u l a t i o n p u m p ( H u b e r Kaeltemaschinenbau GmbH, Offenburg, Germany; http:// www.huber-online.com/). All experiments were conducted using a commercial 52-61 platinum combined Ag/AgCl reference and counter electrode (Crison Instruments, Barcelona Spain; http://www.crisoninstruments.com/). All voltammetric measurements were carried out using a DropSens μStat8000 multi-potentiostat/galvanostat and processed using Dropview 8400 computer software (Dropsens, Oviedo, Spain; http:// www.dropsens.com/). Chronoamperometry measurements were executed using an Autolab PGStat 20 (Metrohm Autolab B.V, Utrecht, The Netherlands; http://www. ecochemie.nl/). SEM analysis was executed using a MERLIN FE-SEM (Zeiss GmbH, Jena, Germany; http:// www.zeiss.com/). Confocal microscopy was done with a Leica DCM-3D system (Wetzlar, Germany; http://www. leica-microsystems.com/).
Preparation of theophylline-imprinted polymer particles
The protocol for the precipitation polymerisation synthesis of the MIP particles was taken from the literature [27] . In brief, inhibitor in the MAA and EGDMA was removed immediately prior to use via passage through separate inhibitor removal columns (Sigma-Aldrich, St. Louis, MO; https://www. Sigmaaldrich. com/). 0.255 mmol of Theophylline was combined with 0.911 mmol of MAA in 40 mL of acetonitrile in a round bottomed flask. The mixture was then stirred gently at low temperature for 10 min. 3.64 mmol of EGDMA and 0.0852 mmol of AIVN were then added and mixed briefly. The solution was sonicated under vacuum and then purged with nitrogen for 10 min, at which point the flask was sealed and placed in a 60°C water bath for 16 h. A control non-imprinted polymer was also created using an identical procedure with the omission of theophylline. The MIP particles were then removed from the porogen via centrifugation at 4500 RPM for 10 min and then equally divided between three 15 mL Falcon tubes. The particles were washed using 10 mL of 9:1 methanol: acetic acid solution for 1 h, at which point the washing solvent was refreshed; next, the tubes were centrifuged and the supernatant replaced. This process was repeated 5 times to ensure the complete removal of the template molecule; the particles were then rinsed again with methanol only and dried in an oven at 70°C.
Electrode preparation and MIP-sol-gel immobilization and regeneration
The electrodes used for experimentation were epoxy-graphite composite electrodes of normal use in the laboratory of the authors and were prepared using a previously published inhouse protocol with a final geometric surface area of 0.28 mm 2 [28] . Following the curing duration, the electrodes were wet-polished with 400 grit abrasive-paper and degreased with acetone. The immobilization of the MIP particles onto the surface of the epoxy-graphite electrode was modified from a previously published protocol [29] . 0.5 mL TEOS, 0.5 mL ethanol, 0.25 mL water and 25 μL of 0.1 M hydrochloric acid (HCl) were combined and stirred vigorously for 35 min and rested for approximately 45 min to arrive at the syneresis stage. This liquid was combined with graphite and a MIP-DMF suspension in the ratio 200 μL to 7 mg to 40 μL respectively. The MIP-DMF suspension consisted of 15 mg of MIP particles and 1 mL of DMF; the experimental control consisted of particles polymerised in the absence of the template, a non-imprinted polymer (NIP). This mixture was shaken for 10 min at 1400 RPM. 10 μL of this solution was deposited in the centre of each electrode and evenly distributed via a home-made spin coater at 1400 RPM for 60 s. The electrodes were dried at atmospheric pressure at 5°C overnight and conditioned in water for 1 h before use. For regeneration experiments, the electrodes were immersed in 0.05 M HCl at 60-65°C for 10 min and then conditioned in water for 1 h before subsequent use.
Electrochemical measurements
Differential Pulse Voltammetry in all experiments was performed with a scan range between 1 and 1.7 V, a pulse potential of 0.01 V, duration of 300 ms and a scan rate of 0.04 V·s . A base line measurement was taken at t=0 (t 0 ) from which all proceeding measures were subtracted. Chronoamperometry experiments were performed at +1.18 V. All measurements were done in pH=3 phthalate buffer with the pH adjusted using 0.1 M HCl. An accumulation time of 5 min was used in all experiments unless otherwise stated whereby the electrode was immersed in the analyte ahead of the measurement event.
Results and discussion
Particle synthesis and sol-gel immobilization Precipitated microspheres were used for sol-gel immobilization due to their small size and high homogeneity. The synthesis protocol used employed a molar ratio of 1:4 MAA: EGDMA to ensure high crosslinking and optimal rigidity to maintain binding-site morphology within the polymer matrix.
The yield following template removal was 563 mg, calculated as an efficiency of 64 % by weight, 24 % less than that given by Ye et al. [27] . This drop in yield efficiency is speculated to originate in the lower centrifugation speeds used during the template removal process. SEM analysis confirmed the formation of highly uniform spherical particles ( Fig. 2a  and b) . A superficial roughness or 'wrinkled' aspect was observed on the surface of the polymers; an advantageous feature of macroporous particles due to the increment in surface area it provides. This surface area is permanent both in the dry state and is not susceptible to solvent-related swelling, a feature of traditional monolith MIPs which can place stress on both the polymer and the supporting matrix, a phenomenon which can affect rebinding performance [30] . A subsequent statistical analysis (Fig. 2c) found the particle size distribution to be in keeping with that published in the literature. 54 % of the particle yield was made up of sizes at 970 nm while 96 % of the yield was above 665 nm. In contrast to the large positive skew seen in the distribution of the MIP particle synthesis, the NIP control saw a quite narrow (σ= 33.1 nm), normal distribution of particle sizes; with 46 % of the yield being sized at the mean value and 86 % of the total being at or above the mean of 116 nm, shown in Fig. 2d .
The greatly diminished particle size demonstrates the sensitivity of precipitation polymerisation protocols to the choice of template due to the augmented solubility parameter which the presence of the template, theophylline, provides relative to the control. In brief, the solubility parameter is a term in polymer chemistry used to describe solvent-monomer compatibility based on the absolute sum total of the dipole-dipole, hydrogen bond and dispersion forces between the solvent and the dissolved monomer (s). When polymerisation is induced, the resultant chain becomes progressively more unstable until the point of phase separation which causes the collapse and subsequent precipitation of the polymer chain into the solvent and thus the formation of a polymer particle. In the case of MIPs, the additional polar surface area of the template molecule provides substantial additional thermodynamic stability during chain growth which can significantly delay polymer precipitation into the solvent phase, resulting in a large size difference between the MIP and its control [31, 32] ; in this case, this size difference is 7-fold. The increase in particle size distribution observed in the MIP relative to its control can be minimised with decreased mechanical agitation, which is the main source of turbulence within the solvent phase during the polymerisation process.
Optimisation and determination of deposition, drying and regeneration sol-gel conditions
In order to obtain a sensing surface usable for voltammetry, it was decided to immobilize the obtained MIP microspheres within a sol-gel matrix. This was done by modifying a procedure determined by Patel et al. [23, 29, 33, 34] . Optimal results were seen when the electrodes were chilled immediately following the deposition and distribution (spin coating) and allowed to dry over night at ambient pressure. Though signal intensity was seen to be related to the final gel thickness, an optimised deposited volume of 10 μL on the graphiteepoxy composite electrode was chosen as larger deposition volumes were seen to increase the instance of crack formation on the gel surface, a finding consistent with the literature [35] . Though it is possible to negate the instance of crack altogether as well as to achieve extremely high film uniformity via multiple layered depositions [36] , the signal augmentation that was seen with the single deposition was not replicated when multiple layers were built up on the electrode surface. The use of high-potential voltammetric cycling or sustained high voltage pre-treatments were seen to be detrimental to the structural integrity of the sol-gel and thus obliged the subtraction of interfering background currents prior to each measurement. Performance of measurements in strong acids in order to increase the signal to noise ratio, as used for the detection of similar compounds [13] , also was not feasible as the acid caused the gel deterioration due to continued hydrolysis of the sol-gel membrane.
To elaborate on the choice made for buffer pH, theophylline exhibits a sharp approximately linear increase in oxidative current with acidifying pH values [18] . However, with respect to the MIP recognition element, this augmentation in signal intensity can only be exploited until a point before the degree of ionisation of the target molecule in the buffer renders it unfit for the imprinted cavity and thus dropping selectivity [24] ; high relative standard deviation (RSD) also occurs when detection is attempted at pH values too close to the pK a of the target. Accordingly, pH 3 was chosen as the detection pH sufficiently distanced from the dissociation points of theophylline given as 5.6 and 2.5 [37] . The use of such a buffer combines the binding and signal augmentation requirements to allow for a facile single step detection process without losing the imprinting effect of the MIP relative to its control.
Upon deposition, the sol mixture was evenly distributed using a home-made spin coater. When dried, the thickness of the membrane was measured using a 3D confocal microscope (Fig. 3a) . It was observed that though the greatest thickness remained at the centre of the electrode at the site of the deposition, the overall distribution of membrane thickness was relatively uniform varying from approximately 200 μm at the extreme peripheries of the electrode to 300 μm at the original deposition point. This variation was seen to arise from the decrease in solution thickness, as well as graphite particle quantity, which occurred when the graphite particle size was increased while the mass proportion remained constant; this fact decreasing the in-situ availability of the graphite causing a substantial gradient to be observed. Increasing the mass proportion of the graphite in order to compensate this reduction, though aiding in the homogeneous distribution of the gel upon disposition, provoked an increased incidence of crack formation in the sol-gel surface upon drying; this obliged a reduction in deposition volume and decreased signal strength.
It was seen that the MIP particles preferentially occupied the surface of the sol-gel electrode, clustering around the graphite particles (Fig. 3b-d) . This orientation is advantageous as it reduces the incidence of non-specific interactions between the analyte solution and the graphite particles and thus maximises the specific binding events between the MIP particles and the target analyte. The high availability of the MIP particles at the surface of the sensor also allows for a reduction in the immersion time in the analyte required before measurement can occur as well as allowing the sensor to be regenerated as will be discussed below.
The volume of MIP particles in the sol-gel membrane was determined through varying their concentration in the MIP-DMF suspension that was used during the synthesis of the solgel membrane (Fig. 4) . It was found that 15 mg/mL caused the greatest augmentation in signal strength for the MIP-sol-gel electrode after which point the insulating effect of the methacrylate particles overrode the imprinting effect of the MIP. Interestingly, a linear decrease in oxidation potential was observed with respect to polymer concentration in the solgel. In the case of theophylline this decrease was from +1.22 V the lowest concentrations tested (0-7.5 mg·mL ).
Electrochemical characterization
The devised theophylline sensor made by the immobilization of MIP microspheres in a sol-gel matrix was subsequently used in adsorptive stripping voltammetric determination of the alkaloid using DPV. A baseline was taken at t 0 so as to negate any nonspecific interactions between the graphite support and the analyte; all subsequent measurements were subtracted from this initial level. An accumulation time of 5 min was chosen for measurements due to the minimal signal increase which occurred thereafter; additionally, this low increase was accompanied by an increased inter-electrode signal heterogeneity causing a substantial rise in RSD (Fig. 5) .
When different methylxanthines were assayed with the prepared electrode, oxidation peaks of +1.14, +1.18, +1.36 and +1.4 V were observed for 1,7-dimethylxanthine, theophylline, caffeine and theobromine respectively (Fig. 6 ). An increase in oxidative peak width observed in the MIP-solgel electrode is due to a decrease in the rate of electron transfer, a problem synonymous with sensors incorporating non-conductive monomers. Though oxidation peaks can be sharpened by reducing the scan rate used, this in turn increases the duration of measurement and cannot be an ultimate solution to this phenomenon [23] ; the peak width is in keeping with other voltammetric MIP-incorporating systems [13] .
Current intensities were extracted from the profiles by subtracting the background signal and averages were made (n=5). RSD was calculated as 6.85 % for the primary target and an intensity of 258.1 % (relative to control NIP-sol-gel electrode) (Fig. 7) . Lesser differentiation was seen between 1,7-dimethylxanthine, caffeine and theobromine which yielded intensities being only 168.1, 125.6 and 119.7 % with respect to their controls. Though uric acid, acetaminophen, ascorbic acid and glucose were also tested, no oxidation peaks were produced within the measurement range, demonstrating a reduced interference from non-xanthine compounds.
Regeneration of the MIP-sol-gel immobilized electrode was attempted. The temperature of 60-65°C, duration of 10 min, and acidic strength of 0.05 M HCl, were optimised. Similar to that found during the optimisation of the deposition of the gel, strong acid and sustained augmented temperatures were detrimental to the integrity of the sol-gel structure; thus the parameters were determined. It was also seen that use of the electrode immediately following regeneration caused erratic results; this is believed to be due to the electrode body acting as a thermal battery, thus a relaxation period was required to return the electrodes to a base level.
As was observed by Alizadeh et al. [13] , measures subsequent to the initial binding event decreased in intensity. Such was the behaviour seen in the MIP-sol-gel electrode whereby all measures following the first were approximately 70.7 % of the initial measurement (Fig. 8) . It was seen, however, that the linear pattern seen from the first regeneration cycle one was consistent for up to 40 regeneration cycles (not shown) with an average signal loss of 2.35 % per cycle. The initial 29.3 % decrease, is due to the occupation of the deeply-seated, high affinity binding sites within the MIP particle structure which cannot be completely cleaned following the initial binding event. This decrease from the initial signal intensity could be reduced with the use of a MIP synthesized via photo-activated polymerisation rather than thermal polymerisation; this would greatly increase the number of lower affinity binding sites; such sites would be suitable for template recognition whilst also facilitating a more thorough regeneration of the sensor though conversely, could reduce the accuracy of the resulting sensor by facilitating secondary structural analogues to bind in these lower energy sites [38] . The subsequent preferential recognition of the analyte exhibited by the MIP-sol-gel electrode can be attributed to binding sites located on the aforementioned 'wrinkled' surface of the particles. The efficacy of the regeneration of the sensor hinges on the use of macroporous microparticles, rather than bulk-polymerised monoliths, whereby a permanent and heterogeneous pore structure allows the unhindered removal of the template from the binding sites on the particle surface.
The limit of detection (LOD) of the sol-gel immobilized MIP was seen to be 1 μM (y=53.436x +0.0053; R 2 =0.984), consistent with the LODs of conductive sensors employing similarly synthesised un-specialised MIP particles as well as being in keeping with other contemporary electrochemical systems for the detection of theophylline (Table 1) . A lower LOD was not possible to confirm due to the increasingly poor signal-to-noise ratio thought to be caused by interference originating from the aforementioned background currents created by the graphite electrode, inherent to the detection of methylxanthines. The authors believe that lower LOD would be possible with the incorporation of a conducting core into the MIP particles during their synthesis so as to augment the signal within the sensor rather than in the solution.
Conclusions
A MIP-incorporating voltammetric sensor, responsive to the alkaloid theophylline has been presented. A modified sol-gel protocol was exploited to immobilize MIP microspherical particles onto epoxy-graphite electrodes which were synthesised in-house. Primary response, cross response to other alkaloids, 1,7-dimethylxanthine, caffeine and theobromine, and electrode regeneration was investigated using DPV. The preferential occupation of the surface of the sol-gel membrane by the MIP particles allowed both a quick measurement time and regeneration of the electrode. It was found a limit of detection consistent with sensors incorporating similarly synthesised MIP particles using chronoamperometry. To the authors' knowledge, this is the first report of a standard methacrylate-based MIP being used for quantitative electrochemical measurements using sol-gel immobilization methods.
